This study describes the isolation and characterization of p-fluorophenylalanine-resistant diploid tobacco (Nicotiana tabacum L.) and diploid carrot (Daucus carota L.) cultured cell lines. The p-fluorophenylalanine-resistant tobacco and carrot lines can grow in medium containing p-fluorophenylalanine concentrations 10 to inore than 100 times those which inhibit the growth of susceptible cells, respectively. The resistance trait was retained when the cells were grown in a medium lacking the phenylalanine analog for 30 generations. All 14 single cell clones started fronm the resistant carrot line remained resistant. The resistant lines incorporated much less p-fluorophenylalanine into protein, partially due to a decrease in uptake. In carrots, an increase in the levels of free phenylalanine and tyrosine also apparently contributed to the decreased incorporation of p-fluorophenylalanine into protein by increasing the metabolic pool size which diluted the incoming analog and caused a lowered percentage of incorporation, which was observed. Apparently, phenylalanine and tyrosine synthesis was also increased in resistant tobacco lines, since chorismate mutase was found to have greater activity and to be less sensitive to inhibition by phenylalanine, tyrosine, and p-fluorophenylalanine. It appears, however, that phenylalanine and tyrosine do not accumulate above the normal levels in the resistant tobacco cells, as these amino acids were apparently converted into phenolic compounds which were found in higher levels (6 times). The low frequency of appearance, the stability of the trait, and the biochemical nature of the resistance, indicate that the p-fluorophenylalanine resistance found in the carrot and tobacco lines described here is due to a mutation.
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The phenylalanine analog p-fluorophenylalanine is toxic biologically since it can be incorporated into protein in place of phenylalanine, thus producing altered, often inactive, protein molecules (19) . Several bacterial and fungal mutants resistant to growth inhibition by PFP3 have been selected. Cohen and Adelberg (7) have described an Escherichia coli mutant resistant to PFP which excreted tyrosine. Another E. coli mutant resistant 1 This work was supported in part by funds from the Illinois Agricultural Experiment Station and was part of a thesis presented by J.E.P. in partial fulfillment of the requirements for a M.S. degree.
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to PFP excreted phenylalanine and was thought to be derepressed for chorismate mutase P-prephenate dehydratase (16) . Barker and Lewis (1) described a Coprinus lagopus mutant resistant to PFP which excreted phenylpyruvate, p-hydroxyphenylpyruvate, and other phenolic compounds. It was proposed that this excretion was due to the loss of feedback control of either 3-deoxy-D-arabino-heptulosonate-7-phosphate synthetase or chorismate mutase. The substances excreted by the resistant strains could cause a decrease in the incorporation of PFP into protein by interfering at the uptake, activation, or incorporation level. Fangman and Neidhardt (10, 11) isolated a resistant E. coli strain which possessed an altered phenylalanyl-tRNA synthetase with a greatly diminished ability to activate PFP. PFP was, therefore, incorporated into protein at a very diminished rate. Gupta and Carlson (15) and Dix and Street (9) studied the growth inhibitory effects of PFP on haploid-and diploid-cultured tobacco cells. Resistant lines were not selected, but Gupta and Carlson (15) reported that 49 AM PFP inhibited the growth of diploid but not haploid Nicotiana tabacum callus. These results led the authors to conclude that PFP could be used to select preferentially for haploid cells from a mixed ploidy population of cells. Dix and Street (9) found that lines derived from haploid N. sylvestris plants were more resistant to PFP inhibition than lines from a diploid plant. They were unable to find selective inhibition of diploid cells by 137 to 410 Mm PFP in mixed populations in callus or suspension cultures. Chaleff and Carlson (4) have recently reported that the Gupta and Carlson (15) "results are not always reproducible."
The selection of cultured plant cell lines resistant to PFP has not been reported before, but lines resistant to other amino acid analogs have previously been isolated. Widholm (23, 24, 26) described 5-methyltryptophan resistant tobacco and carrot lines, and Carlson (3) isolated tobacco cells resistant to methioninesulfoximine.
If plant cell mutants can be isolated which are resistant to PFP, then by analogy with the results obtained with microorganisms, these cells would be expected to incorporate less PFP into protein. A decreased incorporation could be due to a decreased uptake of the analog, increased level of aromatic amino acids in the cells which would dilute the analog once it entered the cell, and an altered phenylalanyl-tRNA synthetase which would not activate PFP or degradation of the analog. The amino acid analog resistant plant cells described before (3, 23, 24, 26) were resistant either because of the oversynthesis of the corresponding natural amino acid or because of decreased uptake. (18) . When the clone had grown to about 2 mm in diameter, the cell mass was transferred to 2 ml of liquid medium in a 25-ml Erlenmeyer flask. When these cells had grown sufficiently, the entire contents of the flask were transferred to 100 ml of liquid medium where the line was maintained by transfer of 2 ml of cells in stationary phase into fresh medium every 2 weeks.
Counting of Chromosomes. Tobacco chromosomes were stained with lactic-acetic-orcein (1,% orcein in lactic acid and acetic acid, 1:1, v,/v), and the carrot chromosomes were stained by the Feulgen method with lactic-acetic-orcein.
Incorporation of PFP and Phenylalanine into Protein. One g fresh weight of 4-day-old cells was incubated in 100 ml of liquid medium for 24 hr with I MCi of DL-p-fluorophenylalanine-3-'4C (5.9 mCi,rmmole, Calatomic) or L-phenylalanine-UL-l4C (410 mCi, 'mmole, Mallinckrodt). Cells, suspended in growth media, were broken in a French press, and the cell debris was removed by centrifugation (10,OOOg, 10 min). Protein was isolated by the trichloroacetic acid fractionation procedure of Roberts et al. (20) . After purification the protein was hydrolyzed in 6 N HCl for 24 hr at 100 C, the HCI was removed under vacuum, and the hydrolyzed protein was suspended in 400 M1 of methanol. Samples were spotted on Whatman No. 1 paper and run in a onedimensional descending chromatographic system of t-butyl alcohol-methyl ethyl ketone-water (4:4:2, v'vWv) which separates PFP and phenylalanine. Chromatograms were scanned on a Packard radio-chromatogram scanner. Radioactive peaks were oxidized in a Packard Tri-Carb sample oxidizer and counted with a Packard Tri-Carb liquid scintillation spectrometer. The concentration of total amino acids in the extract was determined by the method of Yemm and Cocking (28) (12) . Less (2) . The extract was applied to a Dowex 50-X2 (H+) column, washed with water, and eluted with 0.3 N NH4OH, lyophilized, and the residue was taken up in 2 ml of 0.3 N trichloroacetic acid and allowed to stand for 10 min. This suspension was then centrifuged (10,OOOg, 10 min), and the supernatant was used for amino acid determinations by an amino acid analyzer.
Chorismate Mutase Activity. Chorismate mutase activity was measured as described by Chu and Widholm (6) (Fig. 2) . The resistant carrot cells became less resistant to PFP growth inhibition after growth in medium lacking PFP for 50 cell doublings. This result may be due to the fact that the resistant cells were not cloned after their selection and, therefore, some less resistant cells may have been carried through the transfers.
Single cell clones were subsequently isolated from the resistant carrot line using the nurse culture method (18) . All 14 clones which were isolated were found to be resistant to PFP growth inhibition even though the cells had been away from PFP for 50 generations during the cloning procedure. Some of the clones showed somewhat decreased resistance, but as shown in Figure  2 , the average growth versus PFP for the 14 Estimation of Metabolic Pool Sizes. An estimation of the relative sizes of the phenylalanine, tyrosine, and leucine metabolic pools in the PFP-sensitive and resistant cell lines was carried out by measuring the uptake and incorporation of '4C-labeled PFP, phenylalanine, tyrosine, and leucine.
In this study, uptake is defined as the proportion of the total amount of '4C-labeled amino acid or analog taken up by the cell from the medium. Incorporation is defined as the proportion of the labeled amino acid or analog in the medium which was incorporated into protein by the cells. Per cent incorporation is defined as the proportion of the amino acid or analog taken up which was incorporated. If metabolic pools in cells are increased, decreases in per cent incorporation would be expected. This decrease would be due to dilution of the labeled amino acid or analog by increased amounts of unlabeled components in the metabolic pool.
In all cases uptake and incorporation were nearly linear for 2 hr. In both resistant cell lines, the uptake of PFP was decreased (Tables III and IV) . This decrease in uptake was reflected by a decrease in the amount of PFP incorporated into protein as shown before (Table II) . There was also a dramatic decrease in uptake of phenylalanine, leucine, and tyrosine in both resistant cell lines.
The per cent incorporation of PFP and phenylalanine de- (Table III) . Per cent incorporation of PFP in the resistant tobacco cells appeared to increase, probably due to inaccurate measurements since the amounts of radioactivity were small (Table IV) . The specific radioactivity of the '4C-PFP used was much lower than that of the amino acids. Per cent incorporation of phenylalanine, leucine, and tyrosine decreased in the resistant tobacco cells.
Free Amino Acid Levels. The resistant carrot cells contained 6.3 times as much free phenylalanine and 3.2 times as much free tyrosine as did the sensitive carrot cells (Table V) . Free phenylalanine was not increased in the resistant tobacco cells, but tyrosine was by 3.4-fold.
Chorismate Mutase Activity. Total chorismate mutase activity was not increased in resistant carrot cells and the activity was not feedback inhibitable by PFP, phenylalanine, or tyrosine in the sensitive or resistant carrot lines. The activity of chorismate mutase on a protein basis in crude extracts from resistant tobacco cells was, however, about 3-fold higher than that from sensitive cells. The enzyme activity from resistant cells was also much less sensitive to inhibition by tyrosine, phenylalanine, and PFP (Fig. 3) .
Phenolic Levels. The phenolic levels were found to be 6-fold higher (increased from 635 ,ug chlorogenic acid/g fresh weight cells to 3953 ,ug chlorogenic acid/g cells) in the resistant tobacco cells than in the sensitive cells. Only a small increase in phenolic compounds was found in the resistant carrot cells (477 ,ug chlorogenic acid/g fresh weight cells in the sensitive and 691 in the resistant). DISCUSSION The decreased incorporation of PFP into protein (Tables II,  III , and IV) in both the resistant tobacco and carrot cells is probably the reason for their resistance. With less PFP being incorporated into protein, with growth at the same rate, less inactive protein would be made. PFP is apparently not degraded in the resistant cells as the only radioactivity incorporated into protein during a 24-hr incubation with PFP-l4C was as PFP.
The dramatic decrease in uptake of PFP (Tables III and IV) would at least partially account for the decreased incorporation of PFP. The decrease in uptake is also an indication that phenylalanyl-tRNA synthetase is probably not altered in the resistant cells as very little, if any, decrease in uptake would be expected if only the synthetase was altered. The decrease in uptake of phenylalanine, leucine, and tyrosine in both resistant cells indicates that a general uptake mechanism has been altered. Cheung and Nobel (5) have given evidence for one common uptake site for all amino acids in plants, which would make this general inhibition of uptake plausible. (Tables II and III) . The leucine and tyrosine metabolic pools did not appear to increase in carrot cells using this technique, but these pools did appear to increase slightly in resistant tobacco cells (Tables II  and IV) .
Some enzyme in the phenylalanine and tyrosine biosynthetic pathway has apparently been altered in the resistant cells causing higher levels of these amino acids. Chorismate mutase is the apparent control enzyme for phenylalanine and tyrosine biosynthesis in alfalfa (27) , oak (13) , pea (8) and mung bean seedlings (14) , and tobacco cells (25) . It was found that phenylalanine and tyrosine inhibited at least one form of chorismate mutase in each case. Chu and Widhohlm (6) have also presented evidence that the biosynthesis of phenylalanine and tyrosine is not regulated by repression of synthesis of chorismate mutase by phenylalanine and tyrosine. In resistant tobacco cells, it appears that chorismate mutase has been altered, as the activity is higher on a protein basis and the activity is less sensitive to feedback inhibition by PFP, phenylalanine, and tyrosine (Fig. 1) . The altered chorismate mutase activity would allow accumulation of phenylalanine and tyrosine, thereby increasing the metabolic pool and diluting the PFP in this metabolic pool.
The resistant carrot cells, however, did not have an increased chorismate mutase activity, nor was the enzyme feedback inhibitable by phenylalanine and tyrosine in sensitive and resistant carrot cells. Widholm (25) has shown that both crude and partially purified chorismate mutase enzyme from carrot cells is not feedback-inhibitable. This indicates that the control of phenylalanine and tyrosine biosynthesis must be elsewhere in the pathway. The control enzyme is expected to be somewhere between shikimic acid and phenylpyruvate and p-hydroxyphenylpyruvate, as Widholm (25) found that the addition of shikimic acid to carrot cells caused no increase in the levels of phenylalanine and tyrosine. However, when phenylpyruvate or p-hydroxyphenylpyruvate was added there was an increase in the levels of phenylalanine and tyrosine, respectively. This control has not been determined as yet, but it would be expected that the control enzyme would have increased activity in the resistant carrot cells or be less sensitive to feedback inhibition by phenylalanine and tyrosine or both.
Higher levels of phenylalanine were not found in resistant tobacco cells even though the apparent control enzyme, chorismate mutase, showed increased activity and lessened feedback control. A decreased per cent incorporation of phenylalanine was also noted (Table IV) . Higher phenylalanine levels were probably not observed due to an increased conversion to phenolic compounds which do accumulate (6.2 times higher than normal).
Phenylalanine ammonia lyase is thought to be the control enzyme in flavonoid, lignin, and polyphenol biosynthesis since it may reguLlate carbon flow into the phenols (17) . The phenylalanine ammonia lyase activity may in this way also regulate the phenylalanine and tyrosine levels in cells. As the resistant tobacco cells have higher chorismate mutase activity, but not higher phenylalanine levels, phenylalanine ammonia lyase activity may have been increased, thus keeping the amino acid levels down and increasing the phenolic levels.
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